Abstract: Cutin hydrolase (EC 3.1.1.74), an extracellular polyesterase found in pollens, bacteria and fungi, is an efficient catalyst that exhibits hydrolytic activity on a variety of water-soluble esters, synthetic fibers, plastics and triglycerides. Thus, cutinase can be used in various applications such as ester synthesis, bio-scouring, food and detergent industries. Ancut2 is one of five genes encoding cutinases present in the Aspergillus niger ATCC 10574 genome. The cDNA of Ancut2 comprising of an open reading frame of 816 bp encoding a protein of 271 amino acid residues, was isolated and expressed in Pichia pastoris. The partially purified recombinant cutinase exhibited a molecular mass of approximately 40 kDa. The enzyme showed highest activity at 40°C with a preference for acidic pH (5.0-6.0). AnCUT2 showed hydrolytic activity towards various p-nitrophenyl esters with preference towards shorter chain esters such as p-nitrophenyl butyrate (C4). Scanning Electron Microscopy demonstrated that AnCUT2 was capable of modifying surfaces of synthetic polycaprolactone and polyethylene terephthalate plastics. The properties of this enzyme suggest that it may be applied in synthetic fiber modification and fruit processing industries.
Introduction
The filamentous Aspergillus niger is a member of the black aspergilla that secrete a massive amount of numerous enzymes in their natural habitat to liberate nutrients. This high secretory capability is extensively used by the fermentation industry for the production of organic acids and enzymes [1] . Many of A. niger enzymes are generally recognized as safe (GRAS) and several enzymes such as cellulase, α-amylase, β-galactosidase, glucose oxidase, protease, lipase and pectinase are industrially important [2] . Cutinase is one of the extracellular enzymes produced by this fungus [3] . Interestingly, this enzyme is also implicated in the pathogenicity of plant pathogenic fungi to break down plant cell walls releasing cutin monomers [4] . Cutinase belongs to the α/β hydroloase fold and serine esterase super-family with the classical Ser, His, and Asp triad [5, 6] .
Cutinase has been extensively studied due to its potential application in various industrial processes. In the food industry, acidic cutinases may be used as a facilitator to release bioactive compounds from acidic plant materials and to release cutin mono-and oligomers from acidic cutin-rich plant wastes [3] . A cutinase from leafbranch compost [7] and Thielavia terrestris [8] were able to degrade synthetic plastics such as polycaprolactone (PCL) and polyethylene terephthalate (PET) thus applicable in synthetic fiber modification. Cutinases can also be used as fat-based stain removers in detergent and laundry industry [9] . However, their instability at high temperatures and the limitation of their enzymatic activity towards one or two substrates have hindered the enzymes from being commercialized. Thus, continuous screening for efficient cutinases from microorganisms with new potential properties may lead to the practical application of cutinases in such industries [4] .
Homology search of the A. niger ATCC 1015 (Al-Tammar et al., unpublished work) and CBS 513.88 revealed the presence of five cutinase encoding genes and one of them, anig5 encoding AnCut5 of A. niger CBS 513.88, was previously reported as being active in acidic pH [3] . In this A. niger were first grown in Potato Dextrose Broth (PDB) in an incubator shaker for two days at 180 to 200 rpm and 28°C. Afterwards, the mycelia were harvested aseptically via filtration, washed with water and transferred into fresh minimal medium (MM) containing 0.05% 16-hydroxyhexadecanoic acid (16-hha) (Sigma-Aldrich, USA). After 24 h of incubation, mycelia were collected using muslin cloth, washed with water and used for RNA isolation. Total RNA was extracted with the Trizol ® reagent according to the manufacturer's instruction (Invitrogen). The cDNA was synthesized using SuperScript TM III first strand synthesis system using RT-PCR and oligodT primer (Invitrogen). The Ancut2 was amplified using Go Taq polymerase kit. The PCR reaction mixture (20 µL) contained a final concentration of 1x Go Taq ® Green Master Mix, 300 ng of template cDNA and 0.5 µM each of forward (Ancut2-F 5`-ATG AAG CTT CCT TAC TTT CTG CTC G-3`) and reverse (Ancut2-R 5`-TTA GAA AAG TGA TGC CAG AGA AGG G-3`) specific primers. Specific primers were synthesized based on the hypothetical protein sequence of A. niger strain ATCC 1015 (GenBank accession number: EHA19281.1). The PCR amplification protocol included an initial de-naturation at 94°C for 3 min followed by 30 cycles of 94°C for 20s, 59°C for 30s and 72°C for 1 min, followed by a final extension at 72°C for 10 min. The amplified cDNA was purified then ligated into pGEMT-Easy vector. This ligation mixture was then used to transform cells of E. coli DH5α. The positive plasmid clone was confirmed by nucleotide sequencing using T7 and SP6 universal primers.
Analysis of Ancut2 Sequence
Homology searches were carried out using the NCBI BLAST server [11] . The ExPASy translate tools were used to compute the theoretical molecular weight and to predict the amino acid sequence [12] . The signal peptide was predicted with PSORT II program [13] . The conserved domain and the catalytic active sites contained within the deduced AnCUT2 were predicted with InterPro Scan [14] and Pfam scan (http://www.ebi.ac.uk/Tools/pfa/ pfamscan/) [15] . Putative N-and O-glycosylation sites were predicted using NetNGlyc 1.0 [16] and NetOGlyc 4.0 servers [17] , respectively. The disulphide bonds of the deduced enzyme were predicted using DiANNA 1.1 web server [18, 19] . ClustalW (http://www.ch.embnet. org/software/ClustalW.html) and BoxShade version 3.21 servers were used to compare the sequence with other homologous protein sequences from different fungal sequences obtained from the BLAST results.
paper, we report the isolation, cloning and expression of Ancut2 encoding cutinase from A. niger strain ATCC 10574 in Pichia pastoris. It is thereafter characterized and the gene sequence was analyzed in silico in an effort to determine unique features of the encoded enzyme.
Materials and Methods

Microorganisms, Vectors and Culture Media
The A. niger ATCC 10574 was obtained from the American Type Culture Collections (ATCC), 10801, University Boulevard, Manassas, VA 20110 USA. Escherichia coli strain DH5α (Promega, Madison, WI, USA) was used as the host for plasmid construction and propagation. The pGEM-T Easy vector (Promega) and pPICZαC vector (Invitrogen/Life Technologies, Carlsbad, CA, USA) were used for cloning in E. coli and expression in P. pastoris strain X 33, respectively. A low salt Luria-Bertani medium (LB) containing 25 µg/mL Zeocin was used to culture E. coli transformants. Yeast extract peptone dextrose (YPD) agar supplemented with different concentrations of Zeocin (from 100 µg/mL to 2,000 µg/mL) was used to grow P. pastoris and to screen for multiple integrants. Buffered complex glycerol medium (BMGY), buffered complex methanol medium (BMMY) and YPD medium were prepared following the manufacturer's manual of the Easy Select ᵀᴹ Pichia Expression Kit (Invitrogen). Polymerase Chain Reaction (PCR) reagent, restriction endonucleases, Wizard ® Plus SV minipreps DNA purification system and DNA ligase were from Promega (USA). MEGAquick-spin ᵀᴹ PCR and agarose gel DNA extraction kit were purchased from iNtRON Biotechnology, Jungwon-gu, Seongnam-si Gyeonggi-do, South Korea. Nucleotide sequencing was performed using BigDye terminator version 3.3 cycle sequencing kit (PE Applied Biosystems, Foster City, CA, USA). Prestained protein marker was purchased from New England Biolabs, Hitchin, UK. DNA ladders were purchased from Vivantis (Subang Jaya, Selangor DE, Malaysia). All primers used for DNA amplification and sequencing were purchased from First BASE Laboratories (Seri Kembangan, Selangor, Malaysia). All of the chemicals used were of analytical and molecular grade.
Growth Conditions, RNA Isolation and cDNA Synthesis
Biomass was obtained following the method of Rubio et al. [10] with small modifications. Briefly, 10 6 spores/mL of
Enzyme Assay
Protein concentration was measured according to the Bradford [22] method using bovine serum albumin (BSA) as the standard. Cutinase activity was assayed according to Kumar et al. [23] using colorimetric methods with p-nitrophenyl caprate (pNPC) as the substrate with some modifications. The enzymatic analysis was carried out in 50 mM citrate buffer pH 5.0 and the total reaction mixture of 100 µL contained 1 µg enzyme and 1 mM pNPC. This was incubated at 25°C for 10 min. A volume of 100 µL of 0.1 M Na 2 CO 3 was added and the liberation of p-nitrophenol was measured at 405 nm. Controls containing heat-inactivated enzyme and/or buffer with substrate were also assayed. One unit of enzyme is defined as 1 µmol of p-nitrophenol liberated from the substrate per min under standard assay conditions.
Characterization of AnCUT2
Effect of pH and temperature
The optimum pH of cutinase was determined using 50 mM glycine-HCl buffer (pH 2.0 to 3.0), citrate buffer (3.0 to 6.0), phosphate buffer (6.0 to 7.0), Tris (7.0 to 9.0) and glycine-NaOH buffer (9.0 to 10.0). In order to determine pH stability, cutinase was pre-incubated separately in the above-mentioned buffers at 30°C without the substrate for 1 h. The residual cutinase activity was then assessed using the standard assay procedure. In order to assess the effect of temperature on cutinase activity, the cutinase activity was assayed at temperatures between 25 and 70°C. Cutinase was incubated in an optimal pH buffer at various temperatures (25-70°C) without the substrate for 1 h to determine the thermostability of the enzyme. After the incubation, the tubes were cooled for at least 15 min and the residual enzyme activity was estimated using standard procedures.
Effect of metal ions and reagents on cutinase activity
Metal ions and reagents were each added separately to the reaction mixture containing 1 µg enzyme in the optimum buffer, at a final concentration of 1.0 and 10.0 mM. After 1 h of incubation at the optimal temperature, residual enzyme activity was assayed. The activity of the control (without additives) was taken as 100%.
Construction of AnCUT2-pPICZαC and Integration into P. pastoris Genome
The plasmid pGEMT-easy containing the complete Ancut2 cDNA (762 bp) was used as a template for PCR. Forward (ClaI-F 5`-ATC GAT GGA ACG TCA ACT TTC C-3`) and reverse (XbaI-F 5`-TCT AGA TTG AAA AGT GAT GCC AGA-3`) primers containing restriction site sequence of ClaI and XbaI (underlined), respectively, were used to amplify Ancut2 without its signal secretion sequence and stop codon. The PCR product was digested with XbaI and ClaI restriction endonucleases and ligated into pPICZαC vector at the same restriction sites resulting in AnCUT2-pPICZαC (4,362 bp) construct. Transformation of P. pastoris X-33 cells was achieved using 10 μg of PmeI-linearized plasmid recombinant construct as described by the manufacturer (Invitrogen). The transformants were then plated on YPDS agar supplemented with various concentrations of Zeocin ® (500, 1,000 and 2,000 μg/mL) to select colonies with different copy numbers. Colony PCR [20] using 5`-AOX1 and 3`-AOX1 universal primers and P. pastoris transformed cells as the source of DNA template was conducted to verify the single crossover recombination at the AOX1 locus of the P. pastoris genome.
Recombinant AnCUT2 Expression
Colonies from each concentration of Zeocin were picked for enzyme production and that with the maximum secretion levels of AnCUT2 were chosen for further analyses. The expression of Ancut2 in P. pastoris was directed by the inducible strong AOX1 promoter. The transformant was grown overnight in 100 mL BMGY in 1 L baffled flasks at 28°C and 240 rpm until the culture reached an OD 600 of 2 to 6. The cells were transferred into BMMY production medium and grown for three days. A final concentration of 2% (v/v) absolute methanol was added every 24 h to maintain induction of cutinase expression in P. pastoris. Next, the culture was centrifuged for 5 min at 3,077 x g and the supernatant was collected. This supernatant was partially purified and concentrated using Vivaspin ™ centrifugal device with a molecular weight cut-off of 10 kDa (Vivascience, Germany). AnCUT2 expression was verified by SDS-PAGE (12% polyacrylamide) [21] and western blot analyses using mouse anti His-tag monoclonal antibodies (Novagen, USA) and HRP-conjugated anti-mouse antibodies (Promega).
there were no sites for N-glycosylation. The protein is predicted to have three disulphide bonds between cysteine residues (Cys): 37-115, 63-76 and 177-184. BlastP searches showed that AnCUT2 has 99%, 99% and 97% identity to a hypothetical protein of A. niger ATCC 1015 (GenBank accession number: EHA19281.1), cutinase2 from A. niger CBS 513.88 (NCBI Reference Sequence: XP_001394015.1) and A. kawachii cutinase (GenBank accession number: GAA84164.1), respectively. Multiple sequence alignment (Figure 1) shows the active-site residues Ser126, Asp181 and His194, and that the Gly-X-Ser-X-Gly motif was conserved in all homologous proteins. A serine-rich region at the C-terminal was also observed in AnCUT2. The nucleotide sequence of Ancut2 was deposited into the GenBank database under accession number KR064617.
Transformation of P. pastoris with AnCUT2
Integration of the expression cassette carrying Ancut2 into the P. pastoris genome has produced more than 40 transformants. Ten transformant colonies were randomly picked and re-streaked on YPDS plates containing different concentrations of Zeocin ® . All transformants grew on 500 μg/mL Zeocin ® , seven colonies withstood 1000 μg/mL Zeocin ® , while the number of survivors declined to two upon transfer to 2000 μg/mL Zeocin ® . The results reflected possible multi-copy integration of the expression cassette into P. pastoris genome (Pichia Expression Kit manual, Invitrogen). PCR analysis using 5`-and 3`-AOX1 primers of positive Pichia transformants supported that genomic integration event took place in the colonies. The positive clones produced two distinct bands, one at 1.2 kb, which confirms the expected size of the vector harboring the insert and the other at 2.2 kb, which is the size of the amplified indigenous AOX1 in the genome of P. pastoris (Figure 2 ).
Expression of AnCUT2
In order to produce the highest concentration of recombinant cutinase, the expression was optimized by determining the optimum day for harvesting, medium for biomass production and medium for methanol induction expression. Recombinant AnCUT2 was well expressed under methanol induced conditions and day 3 was optimal for protein production. The SDS-PAGE showed a protein band with a molecular mass of ~40 kDa, which was further verified by western-blot analysis (Figure 3) . However,
Substrate specificity
Substrate specificity of the partially purified enzyme was determined using p-nitrophenyl palmitate (pNPP C16), p-nitrophenyl myristate (pNPM C14), p-nitrophenyl laurate (pNPL C12), p-nitrophenyl caprate (pNPC C10), p-nitrophenyl valerate (pNPV C5) and p-nitrophenyl butyrate (pNPB C4) at a final concentration of 1 mM. The enzyme activity was measured under standard assay condition.
Enzymatic treatment of polyesters
Enzymatic degradation of PCL and PET pellets (SigmaAldrich, St. Louis, MO, USA) was performed according to Sulaiman et al. [7] and Donelli et al. [24] with slight modifications. Both PCL and PET pellets were incubated with 1% (w/v) SDS for 30 min at 50°C and then washed with distilled water. PCL and PET pellets with initial weights of 30 and 20 mg respectively, were added into 2 mL microfuge tubes that contained 1 mL of 50 mM sodium phosphate buffer at pH 6. Partially purified enzyme (50 µg) was added and incubated at 25°C for 7 days with shaking at 100 rpm. After incubation, the pellets were rinsed with water and ethanol, then dried in a fume hood overnight. Surface morphologies of PCL and PET pellets were examined using Scanning Electron Microscopy (SEM) (VPSEM LEO 1450, LEO Co. Ltd, England). PCL and PET pellets treated with supernatant of untransformed P. pastoris were used as negative controls.
Results
Cloning and Sequence Analysis
The Ancut2 cutinase encoding gene from A. niger ATCC 10574 was amplified by PCR and this yielded a distinct single band of approximately 800 bp. The resulting fragment was then cloned into the pGEM-T Easy cloning vector and its sequence was verified. The sequenced Ancut2 cDNA showed that it comprises of an open reading frame (ORF) of 816 nucleotides encoding a protein of 271 amino acid residues with a theoretical molecular weight (Mw) of 27.67 kDa and a deduced isoelectric point (pI) of 4.73. PSORT II program revealed possible cleavage sites between 16-17, hence, it is deduced that the mature proteins contained 255 residues with a calculated Mw and pI of 26.04 and 4.64, respectively. The deduced enzyme was predicted to contain 33 sites for O-glycosylation while after 1 h of incubation at very acidic and basic pHs ( Figure  4B ). The enzyme exhibited its maximum activity (42 U/mL) at 40°C ( Figure 4C ). The enzyme is stable up to 40°C and retained more than 80% of its activity when incubated at 40 o C for 60 min ( Figure 4D) . However, at 50°C, almost 60% of its activity was lost over the 60 min period.
The effects of metal ions showed that at 1 mM, most of the metal ions had negligible effect on the enzyme activity ( Figure 5 ). However, denaturing agents sodium dodecyl sulphate (SDS) and phenylmethylsulfonyl fluoride (PMSF) at 1 mM strongly inhibited AnCUT2 activity. Ba 2+ , Zn 2+ , Ni 2+ and Cu 2+ ions had inhibitory effects (30% to 50% inhibition) at 10 mM towards AnCUT2. Dithiothreitol the molecular mass of the target protein was higher than expected at about 40 kDa (the theoretical molecular weight of AnCUT2 expressed in P. pastoris and taking into account the His-tag is 29 kDa).
Characterization of A. niger Recombinant Cutinase AnCUT2
The optimum pH of AnCUT2 was 5.0-6.0 ( Figure 4A ) where this enzyme displayed its highest activity (27 U/mL). Interestingly, this enzyme was stable across a wide pH range of 2-10 and retained more than 60% of its activity 
Discussion
As far as we are aware, this is the first report on the heterologous expression and characterization of AnCUT2. Expression of AnCUT2 using P. pastoris resulted in production of the active protein with an enzyme activity of 3.3 U/mL. The advantage of using P. pastoris for foreign protein expression [3, 25] over E. coli expression host is the low expression of its native proteins compared to the yield of the recombinant protein. P. pastoris carries out posttranslational modifications that may contribute to enzyme stability and activity [26] . One of the most common posttranslational modifications is glycosylation (N-and O-linked glycan). Glycosylation increases protein mass [27] and this may have resulted in the mass increase of AnCUT2 expressed in P. pastoris. Although the calculated pI of AnCUT2 is 4.73, its activity was maximum at near neutral pH and this enzyme was stable over a wide range of pH. Guo et al. [28] reported that glycosylation influenced the isoelectric point as well as optimal pH of phytase where it was shown that the maximum activity of glycosylated (DTT), EDTA and urea however, had no effect on AnCUT2 activity at 1 mM.
The AnCUT2 exhibited variable hydrolytic activity towards various p-nitrophenyl esters ( Figure 6 ). The short carbon chain length substrates pNPB (C4) and pNPV (C5) were more efficiently hydrolyzed than other esters (102.6 and 90.7 U/mg, respectively).
Enzymatic Treatment of Synthetic Polymers
We examined the ability and effect of the recombinant cutinase on degradation of PCL and PET under SEM by comparing micrographs of the samples (treated with AnCUT2) with the negative control (treated with protein expressed from untransformed P. pastoris). Pellets incubated with AnCUT2 were corroded and pitted ( Figure 7C, D) as compared to the smooth surface of negative controls ( Figure 7A , B). thermotolerance of AnCUT2 might be due to the presence of three disulphide bonds in the protein (Figure 1) . A. oryzae cutinase is more stable than F. solani cutinase and this enhanced thermotolerance might be attributed to the presence of three bonds while the latter possesses only two [30] .
The activity of cutinase in the presence of anionic surfactants was diminished and this result is similar with previous studies [34] [35] [36] [37] [38] . However, enzyme activity is unaffected in the presence of the chelating agent EDTA at a concentration of 1 mM, suggesting that the enzyme does not require metal ions for its activity or stability. Interestingly, AnCUT2 showed a tolerance to urea and DTT as the activity neither significantly decreased nor enhanced although urea is known to alter water structure leading to disruption of the structure of protein, while DTT reduces Cys side chains leading to a reduction of intramolecular disulphide bonds [27] . PMSF almost completely inhibited the enzyme activity by 90% at a concentration of 1 mM, which supported that Ser is involved in the formation of the active site of AnCUT2 cutinase. This observation is similar to studies on cutinase from Pseudomonas cepacia [39] but contradicts to those on G. cingulata cutinase [40] . phytase was at pH 5.0, while the activity peak was shifted to pH 2.5 by deglycosylation. It is yet to be determined but glycosylation may be responsible for the increase in AnCUT2 molecular mass. AnCUT2 was shown to retain more than 60% of its relative activity after 1 h incubation at different pHs. Although it is a mesophilic enzyme, AnCUT2 exhibits remarkable stability after 1 h incubation at 40°C compared to G. cingulata cutinase [29] and F. solani [30] . Similar data have been previously observed in some fungal cutinases [30, 31] . This thermostability observed may be due to serine (Ser) residues that represent the highest percentage (15.2%) of AnCUT2 composition. Serine is a polar residue that contains a hydroxyl group on its side chain that takes part in the formation of hydrogen bonds [27, 32] . Lin et al. [33] reported that the replacement of Ala by Ser enhanced fumarase enzymatic activity and thermostability. Also, the substitution of Lysine (Lys) by Ser at position 347 was responsible for enhancing the thermostability of β-amylase [32] . A serine-rich region was also identified in the cutinase of A. nidulans (GenBank accession no. ABF50887.1), A. niger (GenBank accession no. CAK41954.1) and A. flavus (GenBank accession no. EED52785.1) at the C-terminal [5] . In addition, the first author also wishes to thank the Government of the Kingdom of Saudi Arabia for awarding the fellowship for doctoral research.
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Cutinases from various sources showed a different degree of sensitivity to metals and chemical agents.
The highest esterase activity of AnCUT2 is towards short (C4, C5), followed by long (C14, C16), then medium (C10, C12) carbon chain pNP esters. This result is similar to that observed for the cutinase from T. terrestris which has a preference towards short chain fatty acyl esters (C4) [8] . Activity towards short chain substrates may reflect structural features of the active site of the cutinase [30] . Fungal cutinases show different p-nitrophenyl substrate specificities; A. oryzae cutinase prefers pNPV [30] , Sirococcus conigenus [41] , T. harzianum [10] and F. solani [30] cutinases prefer pNPA (C2), while G. cingulata cutinase prefers pNPC (C8), followed by pNPM (C14), and pNPL (C12) [39] .
AnCUT2 showed the capability to modify the surface of the PCL and PET synthetic polyesters. Synthetic polyesters (PET), most commonly used polymer in beverage containers, food packaging and electronic industry [42] , represents a total of 50% of the global market for textile fibers [43] . An increased hydrophilicity of the fiber is required to facilitate the dyeing process of these fibers using enzymatic treatments as opposed to using harsh chemicals. Cutinase has been reported to free carboxylic acid and hydrophilic hydroxyl groups hence enhancing their wetting ability [44] . Thus, the partial hydrolyzing properties observed in AnCUT2 towards such synthetic polyesters may also be exploited in synthetic fiber modification.
Conclusion
A cutin hydrolase AnCUT2 from A. niger was cloned and expressed in P. pastoris. It has potential application in various industries due to its hydrolytic ability, stability across pH, relative thermostability, lack of cofactor requirements and resistance to denaturing agents. Thus, such properties make AnCUT2 a good candidate in the processes of esterification, fiber surface modification and food industries.
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